Plant growth and development are sustained by shoot and root meristems that are fully established after germination and are controlled by integrated signaling networks based on a developmental genetic blueprint subjected to dynamic and profound regulation by nutrients, hormones, and environmental signals. Pluripotent stem cells are maintained in specific niches in the meristems and supply new cells for potentially infinite and plastic growth, a unique characteristic of plant development. Stem-cell fate and population size are subject to complex regulation by intrinsic signals and environmental cues to control the balance between proliferation and differentiation. Molecular genetic and biochemical advances during past decades have revealed that peptides secreted and processed from and around stem cells have pivotal roles in controlling cell identity and developmental processes through multiple receptor kinase complexes in the SAM ( Fig. 1 ) (Kondo et al. 2006; DeYoung and Clark 2008; Jun et al. 2008; De Smet et al. 2009; Guo et al. 2010; Kinoshita et al. 2010; Gish and Clark 2011; Matsubayashi 2011; Aichinger et al. 2012; Perales and Reddy 2012; Song et al. 2012) . However, little is known about the dynamic biochemical, molecular, and cellular events and regulatory components constituting the primary signaling processes after peptide ligand perception by receptor kinases in the SAM (Betsuyaku et al. 2011; Perales and Reddy 2012) . It has also been enigmatic how the stem cells in the meristems sustain longevity and are protected from damages by environmental stresses and pathogen attacks (Hollings 1965) .
Integrative molecular, cellular, biochemical, genetic, and genomic approaches have been indispensible in unraveling the primary peptide-receptor signaling networks in plant innate immune signaling, which orchestrate diverse cellular functions and processes controlling both defense and development (Asai et al. 2002; Boller and Felix 2009; Boudsocq et al. 2010; Tena et al. 2011) . Because peptide-receptor signaling pathways in various biological contexts may use evolutionarily conserved components and analogous mechanisms (Fig. 2) , advances in the development of technical tools and cellular assays in conceptual and mechanistic understanding of immune responses could prove to be valuable in helping to uncover new insight in developmental processes controlled by stem cells restricted to the meristems.
CLV3P-MEDIATED SAM IMMUNITY
To study novel peptide-receptor interactions and the primary events in plant peptide-receptor signaling, we developed a cell-based plant expression system to analyze peptide-mediated receptor-like kinase (RLK) signaling (Asai et al. 2002; Lee et al. 2011) and to screen for new signaling peptides and corresponding receptors. We observed that the endogenously modified 12-amino-acid (aa) CLV3p triggered similar responses to flg22 (the conserved 22-aa peptide of bacterial flagellin) in mesophyll protoplasts (Asai et al. 2002; Shan et al. 2008; Lee et al. 2011) . This finding was unexpected because CLV3p is normally expressed, secreted, and processed by stem cells to control SAM maintenance via CLV1, CLV2, and other receptors (Kondo et al. 2006; Jun et al. 2008; Gish and Clark 2011; Matsubayashi 2011; Aichinger et al. 2012 (Asai et al. 2002; He et al. 2006; Shan et al. 2008; Boller and Felix 2009; Boudsocq et al. 2010) . Highly purified CLV3p synthesized by different sources displayed the same activities, ruling out the possibility of contamination. Neither the dominant clv1-1 mutant nor the clv2-1 mutant affected CLV3p-triggered MAPK activation. Surprisingly, two independent Ler and Col-0 fls2 mutant alleles, but not efr-1 (the bacterial elongation factor EF-Tu receptor EFR) mutant, failed to support the activation of MAPKs by both flg22 and CLV3p. Complementation with the FLS2 gene but not CLV1 in the fls2 mutant confirmed that FLS2 could recognize both flg22 and CLV3p to mediate MAPK signaling (Lee et al. 2011) .
Because CLV3p is specifically expressed and secreted from stem cells of the SAM (Kondo et al. 2006; Jun et al. 2008; Gish and Clark 2011; Matsubayashi 2011; Aichinger et al. 2012) , it is critical to examine CLV3p-FLS2 signaling in the SAM to evaluate its physiological relevance. Using quantitative reverse transcription -polymerase chain reaction (qRT-PCR) analysis with isolated SAM tissues, CLV3p clearly triggered two parallel signaling pathways in the SAM. The activation of important immune response marker genes by CLV3p in wild-type (WT), clv1-1, and clv2-1 but not fls2-24 validated the action of innate immune signaling via FLS2 in the Arabidopsis SAM. These flg22 and CLV3p inducible genes have important roles in bacterial and fungal resistance (Asai et al. 2002; Boller and Felix 2009; Boudsocq et al. 2010) . Consistently, some of these immune response marker genes showed reduced endogenous expression in the SAM of clv3-2 but were constitutively expressed at higher levels in the SAM but not other tissues of the WT. Their endogenous expression levels were low in both the SAM and other tissues in clv3-2 and fls2-24. Complementation of clv3-2 for immune marker gene expression in the SAM could be achieved within the nanomolar range of exogenous CLV3p, reflecting the physiological relevance of the estimated dissociation constant (K d ) (34.7 nM) for CLV3p and FLS2 interaction and CLV3p-FLS2 signaling in the SAM (Lee et al. 2011) .
Using laser-scanning confocal microscopy, we could confidently visualize Pst DC3000-GFP (green fluorescent protein) infection inside plant tissues by serial optimal sections by moving the focus point away from the plant surface. Most strikingly, we had never detected the presence of a single live Pst DC3000-GFP bacterium in the SAM of WT seedlings for up to 4 d after infection in numerous experiments. Because Pst DC3000-GFP infection occurred in both WT and clv3-2 cotyledons, the WT SAM appeared to exhibit differential immunity. Significantly, the SAM was no longer protected from Pst DC3000-GFP infection in fls2-24 and clv3-2 mutants, supporting the important role of the endogenous CLV3p in SAM protection by FLS2-mediated innate immune signaling pathway (Lee et al. 2011 (Lee et al. , 2012 . To further demonstrate and quantify the proliferation and growth of Pst DC3000-GFP in the SAM of fls2-24 and clv3-2 mutants, we performed quantitative PCR (qPCR) analysis of the GFP DNA from the bacteria, indicating the loss of distinct SAM immunity. Importantly, Pst DC3000-GFP was found to be completely excluded from the similarly enlarged clv1-1 and clv2-1 SAM, in which CLV3p-FLS2 signaling remained active. On the basis of qPCR analysis of GFP DNA derived only from Pst DC3000-GFP, nonspecific bacterial attachment background could be estimated from the SAM tissue samples 1 h after bacteriaseedling cocultivation. Consistent with confocal microscopic observations, active bacterial growth and proliferation were exclusively detected only in the SAM of clv3-2 and fls2-24 mutants (Lee et al. 2011 (Lee et al. , 2012 .
Because SAM inner tissues are not fully accessible to confocal microscopy-based imagining, we applied scanning electron microscopy (SEM) to analyze cross sections of SAM domes and surrounding cells of 4-dpi (days postinfection) seedlings (Plotnikova et al. 2000) . SEM offered the possibility of revealing the spatial distribution of bacterial cells in the SAM and neighboring plant cells. We observed clear bacterial colonization of SAM cells or cells very close to the SAM in clv3 but not Ler WT seedlings, in which we only observed invaded cells many cell layers away from the SAM (Fig. 3) . These data suggest that CLV3p-based resistance of the WT SAM extends multiple cell layers below the SAM (Lee et al. 2012) . However, in cotyledons and leaves distant from the SAM, the virulent bacterial pathogen Pst DC3000 successfully colonized in both WT and clv3 seedlings (Lee et al. 2011) .
We have uncovered a surprising mechanism underlying stem-cell-triggered immunity for pathogenic bacteria protection through CLV3p-FLS2 signaling. It will be interesting to examine SAM protection from a variety of other pathogens. We propose that CLV3p is recognized by two distinct types of receptors involved in mostly nonoverlapping functions in the SAM (Fig. 4) . "Constitutive" immunity in the SAM resembles flg22 pretreatment as a type of vaccination (before pathogen inoculation), which is more effective in conferring protection against virulent pathogens such as Pst DC3000 possessing virulent effectors to cripple microbe-associated molecular patterns (MAMP) signaling (He et al. 2006; Shan et al. 2008; Boller and Felix 2009; Boudsocq et al. 2010; Lee et al. 2011) .
DIFFERENTIAL PEPTIDE-RECEPTOR SIGNALING
In many studies using MAMPs, such as flg22 and elf18, innate immune responses and growth inhibition are always tightly linked (Boller and Felix 2009; Lee et al. 2011 Lee et al. , 2012 . Surprisingly, CLV3p did not inhibit shoot growth but caused stronger root growth arrest in Col-0 and Ler WT seedlings. Although seedling growth inhibition in both shoots and roots by flg22 was eliminated in two independent fls2 mutants, the stronger root growth arrest by CLV3p was retained. Although CLV3p activated, via FLS2, a spectrum of innate immune responses similar to those via flg22-FLS2 signaling in mesophyll cells, seedlings, and the SAM, CLV3p did not stimulate severe growth suppression in whole seedlings that was typical in flg22-FLS2-mediated responses. Similar to other synthetic CLAVATA3/embryo-surrounding region (CLE) peptides, CLV3p-triggered root growth arrest was partially abolished in the clv2-1 mutant (Miwa et al. 2008; Müller et al. 2008 ). Thus, CLV3p-FLS2 signaling activated only immune responses but not the general growth inhibition (Fig. 4) (Lee et al. 2011 (Lee et al. , 2012 .
Because positively charged amino-terminal Arg and carboxy-terminal His -His residues are essential for synthetic 12-aa MCLV3p activity (Kondo et al. 2006 (Kondo et al. , 2008 Betsuyaku et al. 2011; Lee et al. 2011 ) and for transgenic CLV3 complementation in clv3 (Song et al. 2012) , we hypothesized that CLV3p-FLS2 interactions may be pH dependent. Interestingly, CLV3p activity mediated through FLS2 was abolished at pH 7.6 and was most active at pH 5-6, reflecting the physiological apoplastic environment after protein secretion, whereas flg22 activated similar responses from pH 5 to 7.6 and peaked at pH 7. Thus, to distinguish between flg22 signaling and CLV3p signaling, experiments using higher pH (7 -7.6) can be recommended. Moreover, 1 mM CLV3p did not block the activation of immune response genes when 1 nM flg22 was spiked into the pH 7 medium (when MCLV3p was inactive) (Lee et al. 2012) . These new findings are consistent with the inability of CLV3p to suppress wholeseedling growth as flg22 and differential peptide binding competition with FLS2 and provide additional strong evidence that novel 12-aa MCLV3p activity is not the same as flg22 activity (Lee et al. 2011 (Lee et al. , 2012 .
COMMON ORIGINS OF RECEPTOR KINASES IN IMMUNITY AND DEVELOPMENT
In both plants and animals, innate immunity provides the first line of inducible defense and is triggered through pattern recognition receptors (PRRs) in response to MAMPs (Ishii et al. 2008; Boller and Felix 2009) . In plants, receptor kinases represent the main functions of known plasma membrane PRRs for MAMP recognition to distinguish nonself from self (Boller and Felix 2009) . FLS2 is the first characterized plant leucine-rich-repeat (LRR) receptor kinase that perceives the bacterial flagellin and launches convergent downstream signaling and defense pathways for potentially broad-spectrum pathogen resistance (Gómez-Gómez and Boller 2000; Asai et al. 2002; Yamamizo et al. 2006; Boller and Felix 2009) .
It is interesting to note that LRR receptor kinases involved in immunity are closely related to well-characterized LRR receptor kinases involved in development based on genome-wide comparative analysis of the RLK gene families in Arabidopsis and rice (Shiu and Bleecker 2003; Shiu et al. 2004; Lehti-Shiu et al. 2012 ). Because FLS2-and EFR-mediated signaling also strongly regulates plant growth and development (Boller and Felix 2009) , it is evident that these PRRs have dual roles in immunity and development. Our findings with differential CLV3-FLS2 signaling further suggest the possibility of bifurcation in signaling processes downstream from the LRR receptor kinase, FLS2, in modulating immune and developmental responses (Fig. 4) (Lee et al. 2011) . This is reminiscent of the dual functions of the Drosophila Toll receptor in dorsoventral patterning in embryo development and in adult fly innate immunity (Lemaitre et al. 1996) .
The 12-aa CLV3p appears to be recognized by six distinct receptors (FLS2, CLV1, CLV2, RPK2, BAM1, and BAM2) based on genetic analyses and biochemical binding assays (Fig. 5) (Kondo et al. 2006; DeYoung and Clark 2008; Miwa et al. 2008; Müller et al. 2008; Ohyama et al. 2009; Guo et al. 2010; Kinoshita et al. 2010; Betsuyaku et al. 2011; Lee et al. 2011 ). Among these receptors, the LRR domains for ligand perception or the PK domains for cellular signaling are more closely related between CLV1 and FLS2 than between CLV1 and CLV2 or RPK2 (Fig. 6 ) (Shiu and Bleecker 2003; Shiu et al. 2004; Wang and Fiers 2010; Lehti-Shiu et al. 2012) .
Moreover, both CLV1 involved in plant development and PEPR1/2 involved in plant defense responses belong to the same XI LRR-RLK subfamily, which is closest to the XII LRR-RLK subfamily including pattern recognition receptor kinases such as FLS2 and EFR (Table 1 ) (Shiu and Bleecker 2003; Shiu et al. 2004; Boller and Felix 2009; Krol et al. 2010; Qi et al. 2010; Wang and Fiers 2010; Yamaguchi et al. 2010; Lehti-Shiu et al. 2012) . Interestingly, PEPR1 recognized six different peptides (Pep1-6) to activate immune response genes, whereas PEPR2 only responded to Pep1 -2 but had a predominant role in Pep-mediated growth repression (Krol et al. 2010; Yamaguchi et al. 2010) . Another closely related LRR-RLK in XIII LRR-RLK subfamily, ERECTA (ER), has been implicated in both development and defense (Llorente et al. 2005; Shapk et al. 2005) . LRR-RLKs likely evolved from common origins to support complex signaling networks in development programs and immunity in multicellular plants.
CONCLUSIONS
Analogous to animal germ-line cells, which exhibit enhanced stress resistance and immunity (Curran et al. 2009 ), stem cells in the SAM are the source of plant germ-line cells and can remain protected and viable even when plant leaves are severely damaged by diverse stress challenges and bacterial and viral infections (Hollings 1965; Kovtun et al. 2000; Lee et al. 2011 Lee et al. , 2012 . CLV3p-FLS2 signaling might have evolved to provide constitutive immune protection in the SAM but avoid the penalty from growth suppression normally associated with potent MAMP-mediated immune signaling (Boller and Felix 2009 ). It will be interesting to elucidate the precise differential downstream signaling events via the same FLS2 receptor in response to different peptide ligands. A general future challenge in the emerging plant peptide-receptor signaling field is to elucidate the precise differential downstream signaling events via the same or different receptors in response to the potentially large spectrum of peptide ligands in various posttranslational modification forms (Jun et al. 2008; Butenko et al. 2009; Ohyama et al. 2008; Matsubayashi 2011; Meng et al. 2012) .
Lacking the genes for antibodies and immune cell receptors in humans (Goldsby et al. 2006 ) to respond to new signals from diverse invaders, plant RLKs, displaying high polymorphism and fast evolution (Clark et al. 2007; Lehti-Shiu et al. 2012) , may provide an alternative means to recognize self or nonself in a beneficial manner through constant selections in evolution. It will also be important to explore the roles of other secreted plant peptides and known or orphan receptors in innate immunity and development (Jun et al. 2008; Ohyama et al. 2008; Butenko et al. 2009; De Smet et al. 2009; Matsubayashi 2011; Lehti-Shiu et al. 2012; Meng et al. 2012) . Innovative and integrative approaches will facilitate matching, discriminating, and dissecting peptide-receptor signaling events and elucidating the physiological functions of plant RLKs and peptide signals.
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